Adherence of Mycobacterium avium complex (MAC) to human respiratory epithelial cells (HEp-2) induced 2 distinct modes of internalization. In the first, MAC induced ruffling of HEp-2 cell membrane and formation of surface projections securing the bacilli on the surface, and concurrent membrane depressions, beneath the sites of attachment of bacilli, resulted in internalization of the organisms. The second mode involved formation of membrane folds wrapping around the bacilli, followed by internalization. Two MAC proteins of ∼31 kD and ∼25 kD, respectively, were identified that mediated these interactions specific for HEp-2 cells. The N-terminal amino acid sequence of the 31-kD MAC protein displayed homology with the 21-kD hypothetical protein of Mycobacterium tuberculosis, and the 25-kD MAC protein showed homology with Mn-superoxide dismutase of MAC and Mycobacterium leprae. These 2 HEp-2 cell-specific MAC proteins may be involved in the interaction of MAC with epithelial cells.
Adherence of Mycobacterium avium complex (MAC) to human respiratory epithelial cells (HEp-2) induced 2 distinct modes of internalization. In the first, MAC induced ruffling of HEp-2 cell membrane and formation of surface projections securing the bacilli on the surface, and concurrent membrane depressions, beneath the sites of attachment of bacilli, resulted in internalization of the organisms. The second mode involved formation of membrane folds wrapping around the bacilli, followed by internalization. Two MAC proteins of ∼31 kD and ∼25 kD, respectively, were identified that mediated these interactions specific for HEp-2 cells. The N-terminal amino acid sequence of the 31-kD MAC protein displayed homology with the 21-kD hypothetical protein of Mycobacterium tuberculosis, and the 25-kD MAC protein showed homology with Mn-superoxide dismutase of MAC and Mycobacterium leprae. These 2 HEp-2 cell-specific MAC proteins may be involved in the interaction of MAC with epithelial cells.
Mycobacterium avium complex (MAC) organisms are widely distributed in nature but seldom cause localized pulmonary disease in persons with pre-existing lung conditions. These organisms, however, are the most common opportunistic bacterial pathogens in persons with AIDS. MAC organisms are known to infect through respiratory and gastrointestinal routes, resulting in colonization of the lower respiratory and gastrointestinal tracts of persons with AIDS. MAC bacilli cross the mucosal barrier, causing bacteremia, and disseminate to most of the reticuloendothelial organs in persons with AIDS [1, 2] .
Pathogenic organisms adopt various strategies to overcome the protective epithelial barrier. Mucosal pathogens are known to bind, invade, and multiply in epithelial cells. In addition, mucosal pathogens modulate the function of the epithelial cells through expression of various components. Earlier studies have shown binding, invasion, and multiplication of MAC inside the epithelial cells of respiratory and gastrointestinal origin [3, 4] . The mechanism(s) by which MAC invades epithelial cells-and the components involved in such interaction with host cells-is not known. We sought to demonstrate the mechanisms involved in the invasion of HEp-2 cells by MAC and to identify the MAC proteins involved in the interaction.
Materials and Methods

Bacteria and epithelial cell line.
Smooth-transparent and smooth-opaque colony variants of M. avium 101 (serotype 1), an isolate originally derived from a person with AIDS and maintained in our laboratory, were used in this study. These isogenic colony variants were grown in 7H9 broth in 250-mL volumes for 3 weeks. Before harvesting the growth, we made subcultures on 7H11 agar to ascertain the purity of the colony type. The organisms were washed 3 times and then suspended in 10 mL of saline solution. MAC proteins were extracted by sonication on ice for 10 min, twice, with 10-min gaps between sonications. The sonicates were centrifuged at 5000 g for 15 min and passed through a filter with 0.2-mm pores. The protease inhibitor phenylmethylsulfonyl fluoride (PMSF; Sigma, St. Louis) was added to the sonicate to a final concentration of 1 mM. After the protein content of the extracts was determined, aliquots were stored at Ϫ80ЊC. HEp-2 cells, derived from a human laryngeal carcinoma cell line obtained from American Type Culture Collection (Rockville, MD), were used.
Scanning electron microscopy. HEp-2 cells were grown on 5-mm square glass coverslips placed in petri dishes. After overnight incubation, the cells were washed to remove unbound cells and infected with MAC. A 2-week growth of MAC in 7H9 broth was washed 3 times with Hanks' balanced salt solution, the turbidity was adjusted to the equivalent of McFarland tube 2, and the mixture was then diluted 1 : 10 in Dulbecco's modified Eagle medium and used to infect epithelial cells. HEp-2 cells were incubated with MAC (in a ratio of ∼1 : 20) for 1 h at 37ЊC in a CO 2 incubator. Infected HEp-2 cells were washed 4 times with Hanks' balanced salt solution to remove unbound bacilli and were fixed with 2% glutaraldehyde (in 0.1 M cacodylate buffer, pH 7.2, containing 0.1 M sucrose) for 2 h at room temperature. Cells were washed 3 times with Hanks' balanced salt solution and postfixed with 1% osmium tetroxide (in 0.1 M cacodylate buffer, pH 7.2) for 1 h. The cells were washed 3 times, dehydrated with graded concentrations of ethyl alcohol, and finally treated with hexamethyldisilazane reagent (Electron Microscopy Sciences, Fort Washington, PA) and air dried. The coverslips were mounted on aluminum stubs, sputtercoated with gold-palladium, and observed in a scanning electron microscope (JEOL JSM-35C, JEOL USA, Inc., Peabody, MA).
Preparation of epithelial cell extracts and biotinylation. HEp-2 cell extracts were prepared as described by Magnani et al. [5] , with modifications. HEp-2 cells were grown in bacteriologic plastic petri dishes (Fisher Scientific, Pittsburgh), in which the cells could be easily recovered by washing without trypsin treatment. Epithelial cells were washed 3 times, and the cell pellet was homogenized in 3 vol of distilled water on ice. We eliminated lipids from the homogenate by extracting with 15 vol of methanol-chloroform (2 : 1) for 30 min at room temperature on a shaker. After centrifugation at 1000 g for 10 min, the pellet was resuspended in 3 vol of distilled water and re-extracted with 15 vol of methanol-chloroform (2 : 1) for 30 min. The suspension was centrifuged for 10 min at 1000 g. The pellet was suspended in 3 vol of distilled water and lyophilized. Proteins from the dried pellets were extracted with PBS by homogenization in a Teflon grinder. The homogenate was centrifuged at 1000 g for 10 min, and the supernatant was saved and passed through a filter with 0.2-mm pores. Protease inhibitors PMSF and pepstatin A (Sigma) were added to a final concentration of 1 mM and 1.0 mg/mL, respectively. The protein content of the extract was determined, and aliquots of the extract were stored at Ϫ80ЊC. Proteins from the epithelial cell extract were biotinylated as described elsewhere [6] with use of N-hydroxysuccinimide biotin (Sigma).
SDS-PAGE and Western blot analysis of MAC antigens. SDS-PAGE on 10% acrylamide gels (1.0 mm thick) was done with use of Laemmli's buffer system [6] in a vertical electrophoresis apparatus (Hoefer Scientific, San Francisco). Gels were stained with Coomassie brilliant blue R-250 or were used for Western blot analysis. Western blot analysis was done in a mini trans-blot cell (BioRad Laboratories, Richmond, CA), with use of Tris-glycine buffer (20 mM Tris, 150 mM glycine, 20% methanol), onto nitrocellulose membrane or polyvinylidene fluoride (PVDF) membrane (Micron Separations, Westborough, MA) for 60 min at 250 mA. Blots were blocked with 5% nonfat dry milk in phosphate buffer with 0.2% Tween 20 (PBS-T) for 2 h at room temperature. After the blots were washed with PBS-T, biotinylated epithelial cell proteins were used as probes for 1 h at room temperature. Blots were washed again, incubated with streptavidin-peroxidase conjugate (Pierce, Rockford, IL) for 1 h, and developed with diaminobenzidine (Sigma) and H 2 0 2 (3 mg of diaminobenzidine in 10 mL of 10 mM phosphate buffer, containing 10 mM EDTA, pH 6.8, with 3 mL of 30% H 2 0 2 ).
Amino acid sequence. For amino acid sequencing, Western blot analysis was done in 10 mM 3-cyclohexylamino-1-propane sulfonic acid buffer with 5% methanol (pH 10.5) onto PVDF membrane (Micron Separations). A strip of the membrane was probed with biotinylated HEp-2 cell extract, and the rest of the membrane was stained with 0.1% Coomassie brilliant blue. HEp-2 cell-specific bands were identified and excised, and the amino acid sequence was determined by the Edman degradation method on an ABI 477A sequencing system (Applied Biosystems, Foster City, CA). Sequences were determined by the Protein Research Laboratory, Research Resource Facility, University of Illinois at Chicago.
Results
Scanning electron microscopy. After their incubation at an MOI of 20 : 1, MAC bacilli readily adhered to the respiratory epithelial cell surface in large numbers (figure 1B). Two distinct postadherence changes were observed in HEp-2 cells. On binding, MAC caused ruffling of HEp-2 cell membrane at the site of attachment. Furthermore, long thin cell-membrane projections were seen emanating from the surface, stretching across the bacilli, and holding the organisms in close contact with the membrane ( figure 1C) . Concurrently, beneath the site of attachment of the bacilli, the HEp-2 cell membrane caved in, forming indentations or hollows and resulting in internalization of the bacilli. Such a mechanism of internalization has been referred to as the "trigger" mechanism [7] . In addition, MAC adherence caused formation of membrane folds wrapping around the organisms before internalization. MAC organisms seemed to sink through the cell membrane at the point of contact. The bacilli and the cell membrane were in close association, with several points of contact all along the surface of the bacilli ( figure 1D) ; consequently, the process has been called the "zipper" mechanism [7] . These post-MAC attachment changes in the cell membrane may have resulted in internalization of the bacilli. Both isogenic variants induced similar postattachment changes in HEp-2 cells.
Epithelial cell-specific MAC proteins. To identify MAC components critical in the HEp-2 cell-binding process, ultrasonic extracts of the organisms were subjected to SDS-PAGE, blotted onto nitrocellulose or PVDF membrane, and probed with biotinylated HEp-2 cell extracts. Two MAC proteins, with molecular masses of ∼31 kD and ∼25 kD, were specifically recognized by the HEp-2 cell probe. The 31-kD protein was found to bind more efficiently to nitrocellulose (figure 2A), and the 25-kD protein bound more efficiently to the PVDF membrane ( figure 2B ). The SDS-PAGE protein profile of the smooth-transparent and smooth-opaque isogenic variants showed several proteins unique to each variant (data not shown). However, both variants expressed the same epithelial cell-specific proteins (figure 2). Of the 2 HEp-2 cell-specific MAC proteins, the 31-kD protein was regarded as the predominant one, because increased amounts were seen on the gels as well as in blots. Exposure of MAC blots to trypsin (0.1%) abated the binding of the HEp-2 cell probe, and sodium mperiodate (25 mM) had no effect, indicating that MAC interacts with HEp-2 cells through protein and that no carbohydrate moiety is involved.
Epithelial cell-specific MAC proteins were isolated by electroelution from SDS-PAGE gels and demonstrated binding with biotinylated HEp-2 cell probe. Furthermore, the gel-eluted epithelial cell-specific 31-kD and 25-kD MAC proteins could be detected with the use of HEp-2 cell surface biotinylated proteins in a dot-blot assay, suggesting that MAC proteins bind to the surface components of HEp-2 cells.
Because the smooth-opaque variant expressed an increased amount of 31-kD protein and displayed discrete bands, blots prepared with smooth-opaque variants were used for amino acid sequencing. The N-terminal amino acid sequence of HEp- 
Discussion
MAC organisms are known to colonize the respiratory and gastrointestinal tracts of some persons with AIDS before dissemination and are excreted in mucosal secretions [1, 2] . Colonization requires adherence of the organisms to host cells and may be a prelude to invasion. Earlier studies have demonstrated the proclivity of MAC to bind to and invade mucosal epithelial cells [3, 4] . Bacterial adherence involves expression of certain components on the surface of the organisms that recognize complementary host-cell surface receptors. Bacterial attach- ment initiates host-cell signals, setting in motion various cytoskeletal rearrangement events that perturb the membrane at the site of attachment, thereby leading to internalization of the organism [7] [8] [9] . At least 2 different mechanisms of bacterial internalization have been described in epithelial cells. The trigger mechanism, used by Salmonella and Shigella organisms, is one in which the organisms send signals that cause membrane ruffling and cytoskeletal rearrangement, resulting in internalization of the organisms. Yersinia and Listeria species use a zipper mechanism, in which the organisms establish direct contact with the membrane, followed by progressive encasing of the bacilli by the membrane [7] . Our data from scanning electron microscopy clearly indicate that MAC induces both trigger and zipper mechanisms to invade HEp-2 cells. Whether MAC bacilli use similar mechanisms to invade other epithelial cells, particularly intestinal epithelial cells, needs to be studied. MAC invasion of epithelial cells is an active process, involving cytoskeletal rearrangement; MAC invasion could be inhibited in the presence of cytochalasin B, a microfilament inhibitor [2, 4] .
Invasive organisms secrete several proteins that induce bacterial internalization. The Sip proteins of Salmonella, Ipa proteins of Shigella, and Yop proteins of Yersinia all contribute to the invasion of host cells and the virulence of the organisms [7] . Little is known about the MAC components involved in the interaction with host cells. Previous studies showed that a 68-kD MAC protein, related to 65-kD heat-shock protein, binds to macrophages and may play a role in the destruction of MAC by macrophages [10] . The 2 HEp-2 cell-specific MAC proteins identified in the present study bind to the cell surface components; however, their role in adherence and internalization of the organisms needs to be established. The 31-kD MAC protein was the dominant protein sharing amino acid sequence homology with a 21-kD M. tuberculosis protein of unestablished function. Whether the 21-kD protein plays a role in the interaction of M. tuberculosis with epithelial cells is unknown. The second epithelial cell-specific MAC protein turned out to be Mn-SOD (Sod-A). SODs (Sod-A, Sod-B, and Sod-C) are either cytosolic or periplasmic, and they protect the bacilli from intracellular and extracellular oxygen free-radical damage by converting superoxide anion radicals into O 2 and H 2 O 2 , thereby contributing to the virulence of the organisms. However, previous studies have demonstrated that the cytosolic Mn-SOD of Haemophilus influenzae and the Fe-SOD of Escherichia coli contribute to the organisms' ability to colonize by enabling them to withstand aerobic stress in the respiratory and intestinal tracts, respectively [11, 12] . In nonpathogenic mycobacteria, Mn-SOD is cytosolic; however, in M. tuberculosis and MAC it is secreted extracellularly [13] . Mn-SOD has been shown to be expressed on the surface of MAC [14] , and it may contribute to the virulence of these organisms by resisting intracellular killing through release of superoxide by macrophages. In addition, surface Mn-SOD may serve as an adhesin and may modulate MAC invasion. We are investigating the mechanism and the extent to which the 31-kD protein and Mn-SOD contribute to MAC adherence and invasion of epithelial cells.
Our study shows that, despite displaying several differences in their pathobiologic characteristics [15] , isogenic colony variants of MAC express the same 2 HEp-2 cell-binding proteins. Whether other MAC bacilli, particularly fresh isolates from patients with AIDS, also express these proteins needs to be investigated. Further, it is essential to study whether HEp-2 cell-binding MAC proteins also bind to other cells and what role they may play in the pathogenesis of MAC-induced disease.
